Whole-genome sequencing of microbial pathogens is revolutionising modern approaches to 29 outbreaks of infectious diseases and is reliant upon organism culture. Culture-independent 30 methods have shown promise in identifying pathogens, but high level reconstruction of 31 microbial genomes from microbiologically complex samples for more in-depth analyses 32 remains a challenge. Here, using metagenomic sequencing of a human faecal sample and 33 analysis by tetranucleotide frequency profiling projected onto emergent self-organising 34 maps, we were able to reconstruct the underlying populations of two extensively-drug 35 resistant pathogens, Klebsiella pneumoniae carbapenemase (KPC)-producing Klebsiella 36 pneumoniae and vancomycin-resistant Enterococcus faecium. From these genomes, we were 37 able to ascertain molecular typing results, such as MLST, and identify highly discriminatory 38 mutations in the metagenome to distinguish closely related strains. These proof-of-principle 39 results demonstrate the utility of clinical sample metagenomics to recover sequences of 40 important drug-resistant bacteria and application of the approach in outbreak investigations, 41 independent of the need to culture the organisms.
Introduction 60
Clinical and public health microbiology is undergoing a major transformation driven largely 61 by high-throughput microbial genome sequencing. The application of microbial genomics in 62 these areas has been well described, including use for high resolution microbial 63 characterization, source and transmission tracking for nosocomial and community pathogens, 64 and antimicrobial resistance detection and prediction [1] [2] [3] [4] . Clinical and public health genomics, 65 however, currently relies on routine culture-based assays to isolate pathogens of interest 66 prior to whole genome sequencing, which presents inherent biases in analyses, and does not 67 allow characterization of pathogens which are unculturable, below the level of culture 68 detection, or unsuspected in a clinical sample [5] [6] [7] [8] [9] . 69 70 Genomics-based approaches that overcome these difficulties by direct characterization of 71 pathogens from clinical samples would be a major advance in clinical and public health 72 microbiology. Metagenomics approaches can complement culture-based techniques for 73 typing, and detecting, antimicrobial resistant (AMR) genes, and SNP variants 10, 11 . 74
Metagenomics allows for the sequencing of whole community genomic material extracted 75 directly from clinical samples, such as faeces, blood, cerebrospinal fluid, sputum, and 76 bronchoalveolar lavage fluid 12, 13 . Current literature on public health metagenomics is largely 77 based on interrogating the metagenome at 'first-order' level analyses; that is, either, 78 characterizing bacterial biodiversity at the 16S rRNA gene level, identifying the functional 79 profile of the microbial community, or alignment-based reference analyses for recovery of 80 genomes 12 . However, the challenge still remains in applying alignment-free analyses of 81 metagenomic data to obtain strain-level resolution that might help understand transmission 82 of pathogens in a clinical setting. Recent metagenomics advances in the field of 83 environmental microbiology and ecology may provide potential solutions here, including 84 techniques that bin contigs based on their tetranucleotide frequency profiles (c.f., [14] [15] [16] [17] 
Metagenomic binning 143
To reconstruct isolate genomes from the gut microbial community, an emergent self-144 organizing map (ESOM) was used. Tetranucleotide frequencies were calculated for the 145 assembled contigs using Perl scripts developed by Dick et al., (2009) 16 in preparation for 146 analysis using ESOMs. The primary map structure was determined using in silico fragmented 147 (> 5kb) contigs; while contigs between 2.5kb and 5kb in length were projected onto the ESOM 148 using their tetranucleotide frequency profiles. Genomic binning was analysed using 149
Databionic ESOM Tool with default settings except K-Batch training algorithm in 200x400 150 windows, a starting value of 50 for the radius, and data points were normalized by RobustZT 151 transformation. Contigs with a native size smaller than 2.5kb were removed from analyses. 152
Reference genomes were included in the analysis to guide identification of "binned" 153 plasmid DNA from PacBio-derived data) using SPAdes v3.10.1 27 ) was used to detect the 189 presence smaller plasmids potentially missed through DNA size selection. Prokka v1. (Table 2) . Notably, given the presence 225 of the vanB operon, a near-complete 16S rRNA gene at 1344 bp was reconstructed and 226 classified as E. faecium at 100% nucleotide identity. Three uncultured organisms were 227 identified as belonging to Bacteroitdetes/Bacteroides, Firmicutes/Clostridium XIVa, and 228
Proteobacteria/Sutterellaceae, with 100% nucleotide identity, and over 1092 bp 229
reconstructed. An independent k-mer based approach (i.e., Kraken) confirmed the presence 230 of K. pneumoniae, and E. faecium in AUSMDU00008155 metagenomic data. 231 232
Reconstruction of isolate genomes from metagenomic reads 233
Emergent Self Organizing Maps of the tetratnucleotide frequencies of AUSMDU00008155-234 derived metagenomic contigs reconstructed discrete genome "bins" of isolates from the gut 235 microbial community ( Figure 1A) . Each point projected onto the ESOM represents DNA 236 fragments 2-5 kb in length, and colour coded with the following convention: 237 AUSMDU00008155 microbiome in red, AUSMDU00008118 in teal, AUSMDU00008119 in 238 navy, and an E. faecium AUS0085 strain in purple. A distinct E. faecium bin, and a largely 239 mixed bin consisting of closely related AUSMDU00008118 and AUSMDU00008119 derived 240 contigs were resolved ( Figure 1B) . Furthermore, a "satellite" cluster to the K. pneumoniae bin 241 consisted of only AUSMDU00008155 and AUSMDU00008119 contigs, and is typically 242 indicative of mobile genetic elements, such as, plasmids ( Figure 1B, circled) . and/or BWA MEM; this highlights the potential to allow strain level molecular 268 characterization even when a reference isolate is not available a priori (c.f., [33] [34] . The fact that 269 this was achievable using a faeces sample further speaks to the validity of this approach, given 270 the microbial complexity of this sample type. 271
272
Metagenomics permitted the comprehensive sampling of genomic content from an adult gut 273 microbial community associated with KPC infection. We evaluated the AMR profile, and 274 detected blaKPC at 100% coverage with zero gaps, and 100% nucleotide identity (Table 1)  275 which encodes for carbapenem resistance in Klebsiella pneumoniae. Furthermore, the 276 resolution of our analyses detected the presence of the genes encoding for an entire vanB 277 operon, which confers vancomycin resistance in E. faecium isolates, at 100% coverage with 278 zero gaps, and greater than 96% nucleotide identity (Table 1) . Reconstruction of near full 279 length 16S rRNA genes from metagenomic short read data recovered an 1161 bp 16S rRNA 280 gene classified as K. pneumoniae, and 1344 bp 16S rRNA gene belonging to an E. faecium 281 isolate, with 100% nucleotide identity and coverage (Table 2) . Our metagenomic analyses 282 uncovered VRE colonization in AUSMDU00008155, and initiated culture analysis of the faecal 283 sample for the presence of VRE using selective media, and a retrospective report notifying 284 the appropriate health care institution of a potential VRE carrier; a reporting that would 285 isolates from the AUSMDU00008155 gut microbiome ( Figure 1A) . Encouragingly, we found 294 that the number of reconstructed genomes (i.e., "bins") correlated with the number of 16S 295 rRNA genes recovered by our EMIRGE analysis. As a way of further validation, reference E. 296 faecium (Aus0085), and AUSMDU00008118 and AUSMDU00008119 genomes were included 297 to guide analysis of ESOMs. Figure 1B illustrates a distinct vanB-carrying E. faecium bin, and a 298 large K. pneumoniae bin with an associated "satellite" cluster. The main K. pneumoniae bin 299 consisted of both AUSMDU00008118 and AUSMDU00008119 derived contigs, while the 300 satellite cluster represents unique genomic content (most probably mobile genetic elements; 301 c.f., 16 ) from AUSMDU00008119, and is therefore indicative of strain-level discrimination. 302
Although we have only assessed one faecal specimen in this study, the richness of microbial 303 characterization obtained from this sample using an alignment-free approach shows the 304 potential for applications in clinical and diagnostic microbiology. This potential is particularly 305 evident for clonal pathogens such as those examined here, where MLST results were unable 306 to distinguish between AUSMDU00008118, AUSMDU00008119, and metagenomic reads (i.e., 307 all isolates were ST258). For example, we accurately assigned Patient A's colonising 308 metagenomic K. pneumoniae isolate to a specific hospital infection cluster (Kwong et al., in 309 prep). Our ability to rapidly assign patient metagenomic isolates to pre-existing transmission 310 clusters identified during outbreak situations will better inform prevention control measures 311 to limit the spread of extensively drug-resistant pathogens across our hospital network. 312
313
In summary, the current study presents a clinical, and primarily culture-independent 314 investigation framework for the genomic profiling of patients colonised with multidrug-315 resistant pathogens. Analysis of the whole community metagenome sampled from an adult 316 faecal sample revealed the presence of AMR genes conferring resistance to carbapenem and 317 vancomycin, and identification of pathogenic isolates. We have shown that metagenomic 318 binning, using tetranucleotide frequency profiles, can obtain strain-level resolution. 
